ABSTRACT A detailed electron spin resonance (ESR) study of spin-labeled-oriented multilayers of L.-dipalmitoylphosphatidylcholine (DPPC) water systems for low water content (2-10% by weight) is reported with the purpose of characterizing the dynamical and structural properties of model membrane systems. Emphasis is placed on the value of combining such experiments with detailed simulations based on current slow-motional theories. Information is obtained regarding ordering and anisotropic rotational diffusion rates via ESR lineshape analysis over the entire motional range, from the fast motional region through the moderately slow and slow to the rigid limit. This includes the low-temperature gel phase, the liquid crystalline La (1) phase and what appears to be a third high-temperature phase above the L. phase. Cholestane (CSL) and spin-labeled DPPC (5-PC, 8-PC, and 16-PC) have been used to probe different depths of the bilayer. While CSL and 5-PC both reflect the high ordering of the bilayer close to the lipid-water interface, CSL appears to be located close enough to the water for the nitroxide to be involved in hydrogen bonding with water molecules. 16-PC reflects the relatively low ordering near the tail of the hydrocarbon chain in the bilayer. Quantitative estimates of ordering and motion are obtained for these cases. The results from CSL indicate that close to the lipid-water interface the DPPC molecule is oriented approximately perpendicular to the bilayer in these low water-content systems. However, all three labeled lipid probes indicate that the hydrocarbon chain of DPPC may be bent away from the bilayer normal by as much as 300 and this evidence is stronger at low temperatures. When cholesterol is added to the DPPC-water system at a concentration .2.5 mol %, the ordering is greatly increased although the rotational diffusion rate remains almost unaffected in the gel phase. Electron spin echoes (ESE) are observed for the first time from oriented lipid-water multilayers. Results obtained from cw ESR lineshape analysis are correlated with data from ESE experiments, which give a more direct measurement of relaxation times. These results indicate that for detection of very slow motions (close to the rigid limit) ESE experiments are more sensitive to dynamics than continuous wave ESR for which inhomogeneous broadening becomes a major problem.
INTRODUCTION
Electron spin resonance (ESR) studies of spin probes dissolved in liquid crystals have been used to characterize both the dynamic behavior of the solute (probe molecule) and the structure and properties of the surrounding solvent (the liquid crystalline medium) (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . Thermotropic liquid crystalline phases studied in this lab have led to the understanding of several properties of solute and solvent molecules (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) ; these include anisotropic diffusion, anisotropic viscosity, deviations from Brownian reorientation, effects due to fluctuating torques, and slowly relaxing local structure. Lyotropic systems, like the lipid-water system, have been the subject of a large number of investigations with the purpose of obtaining information regarding dynamics and structure of these model membrane systems BIOPHYS. J. Biophysical Society -0006-3495/85/10/569/27 Volume 48 October 1985 569-595 in their different phases (13) . Tecnniques used in such investigations include x-ray (14-16), electron (17) , and neutron (18) diffraction, electron microscopy (19) (20) , Raman spectroscopy (21, 22) , differential scanning calorimetry (23, 24) , nuclear magnetic resonance (25, 26) , and ESR (27) (28) (29) . The vast quantity of work done in this area in the past two decades has generated a large amount of data, some contradictions, and numerous interesting observations that require explanation. Most of the investigations, including the ESR studies, have been performed on lipid-water dispersions. Information obtained from ESR studies of dispersions lacks the resolution obtainable from well-oriented samples where one has macroscopic as well as microscopic ordering. The effect of orientation becomes significant for lipid-water systems since they exhibit lyotropic smectic phases, so one has the additional experimen-tal degree of freedom of tilting the external magnetic field relative to the director. We wished to apply our experience in ESR studies of thermotropic smectic phases, where we used a variety of spin probes and well-developed theories for analyzing ESR lineshapes, to lyotropic smectic phases of lipid-water systems. We report here ESR studies of spin probes in well-oriented multilayers of partially hydrated L0-dipalmitoylphosphatidylcholine (DPPC).
Previous reports from this lab (30, 31) have described the initial success, both in alignment of oriented multilayers of partially hydrated DPPC and in the use of advanced computational techniques to analyze continuous wave (cw) ESR spectra of various spin probes in such oriented multilayers. Along with several interesting results, these studies point to the importance of verifying the degree of alignment of each multilayer sample by independent means in order to interpret correctly the ESR results. For example, ESR lineshapes similar to those obtained with a periodic distribution of directors (30) (described by a (sin 0)-' function, implying long-range cooperative chain distortions) could be obtained if it were assumed that the sample was partially misaligned (8) (Fig. 1) . A similar interpretation based on misalignment has been reported for oriented films of hydrated phospholipids (32) . We have attempted to resolve such ambiguities using polarizing microscopy to detect macroscopic defects present in samples used for ESR data collection.
This paper describes the preparation of largely defect free, low water content, oriented lipid-water multilayer samples suitable for ESR studies. We report on the changes in structure and dynamics at the molecular level brought about by varying the temperature, thickness, and water content, and by the incorporation of cholesterol in these oriented phospholipid multilayers. Successful alignment of thick samples (100 to 400 jum in thickness) enabled us to have sufficient signal to detect ESE for the first time from these oriented lipid systems. We discuss below the importance of ESE experiments in guiding and complementing cw ESR lineshape studies in such systems. Methods of sample preparation and other relevant experimental details are described in the Experimental section. Next data analysis and results are discussed, followed by a further discussion of results and a summary.
EXPERIMENTAL Preparation of Oriented Multilayers
We use the techniques of Powers and Pershan (33) (34) (35) and Asher and Pershan (36) as guidelines. Their techniques primarily consist of a thermal annealing of defect structures formed in lipid-water multilayers sandwiched between two glass plates. Large aligned monodomain samples are produced (> 125 jAm thick x 1 cm2 area). For the purpose of ESR study we not only required larger samples (containing sufficient numbers of spins for a reasonable signal-to-noise ratio), we also needed to make certain that the sample remained defect free over long periods of time during which ESR data are collected. Some modifications in the preparation technique were, therefore, necessary. In general, however, similarities between our observations during the annealing procedure FIGURE 1 Illustration of ambiguity in interpretation of ESR spectra of nitroxides. d shows an experimental ESR spectrum obtained using CSL in DPPC containing 2 wt % water at 1070C (reference 30) . Spectra a, b, c, and e have been simulated using the parameters shown in the figure and the following additional conditions: (a) assuming no macroscopic disorder to be present; (b) assuming microscopic order and macroscopic disorder to be present and describing the macroscopic disorder by a random distribution of directors; (c) assuming 76% macroscopic disorder to be superimposed on 24% well-oriented sample; (e) assuming a periodic distribution of directors to be present, described by a (sin 0)-' function, implying long-range cooperative chain distortion. Powers et al. and Asher et al. show that the basic methodology remains the same. Anhydrous DPPC was obtained from Sigma Chemical Corp. (St. Louis, MO) and used without further purification. Its purity was checked from time to time with thin-layer chromatography (TLC).
A uniform mixture of the anhydrous lipid, spin label, and any additive (e.g., cholesterol) is obtained by slow evaporation under low vacuum (_ 10-2 torr) of a solution containing these components in the appropriate ratios. Since benzene is easily removed, it is usually used as the common solvent, a few drops of ethanol being added, if required. After evaporation, dry nitrogen gas is passed over the mixture to ensure removal of all traces of solvents. A microsyringe is used to add the appropriate amount of water (percent by weight) directly to the mixture, stirring thoroughly to aid uniform distribution of the water. This mixture is then sealed in an inert atmosphere (of dry nitrogen or argon) and left at room temperature for 48 to 72 h so that hydration of the phospholipids reaches equilibrium. Glass pressure from the sides of the sandwich is removed with a razor blade. All four edges of the sandwich are then sealed with epoxy (extra fast setting epoxy from Hardman, Belleville, NJ). Thickness of the sandwich is varied simply by varying the amount of sample placed between the coated plates. Alternatively, Mylar strips of varying thickness could be used as spacers. However, the former method is more suitable both for sample alignment and for proper packing of the sample to reduce air pockets in the sandwich. To minimize water loss, the sample is prepared at room temperature and sealed as quickly as possible. Gravimetric measurements show that, between the addition of water and preparation of the sealed sandwich, the water concentration remains within 10% of its initial value. Once sealed, the sandwich sample may be stored in the refrigerator for a few days without any detrimental effects. At this stage, depending on the thickness, water content, and additives used, the sandwich sample may look powdery, opaque, or even transparent at room temperature. Examination under a polarized microscope, however, shows that even the transparent samples are not completely aligned. Application of shear stress at slightly elevated temperatures (instead of perpendicular pressure at room temperature) appears to improve the alignment to some extent.
However, at temperatures below the gel-to-La transition temperature, pressure alone does not appear to align these thick samples. Defect structures that seem to appear spontaneously during the preparation of these hydrated multilayers have to be thermally annealed as described below.
The annealing procedure uses a FP52 automatic temperature control unit (Mettler Instrument Corp., Hightstown, NJ) in conjunction with a polarizing microscope (Nikon Inc., Instrument Div., Garden City, NY). The sandwich sample is heated within the microfurnace of the FP52 unit at the rate of 10 to 2°C/min. Transmittance of polarized light through the sample (with polarizers in the crossed position) is monitored using a photodiode and a x-t chart recorder. The sample temperature is increased until a relatively sharp decrease in transmittance indicates the formation of homeotropically aligned domains in the region of the sample within the field of view. The temperature is then either maintained constant or carefully raised by a few degrees until homeotropic alignment is achieved throughout, and the entire sample appears dark when scanned between crossed polars. The maximum temperature required for this to occur ranges from 1000 to 1400C and appears to depend on sample composition and thickness. (For these samples the optically isotropic phase appears at T > 1600C). The sample temperature is then lowered to room temperature at a rate slow enough to maintain the homeotropic alignment achieved at high temperature (2 to 1°C/min). The entire heating and cooling cycle usually takes 2 to 3 h. During this annealing process, while the sample temperature remains above the La-to-gel transition temperature, many of the smaller aligned domains merge to form larger ones. However, our samples remain multidomain in character, boundaries becoming visible as the temperature is lowered. Both defect formation (or failure to anneal away defect structures) and the presence of trapped air pockets lead to the formation of domains.
Our microscopic observations during the thermal annealing process are very similar to those reported by Asher and Pershan (36) . Defect structures were not studied in any detail, but were noted mainly to compare our sample preparation technique with other reported techniques. Only those samples that contained <10% of macroscopically disordered regions (as confirmed later from ESR spectra and their subsequent analysis) were used for data collection. Fig. 2 shows some examples of variation of transmittance of polarized light with temperature. The curves corresponding to the first heating cycle are similar to those reported by Sakurai and Iwayanagi (17) for a hydrated powder specimen of DPPC, and these curves reflect changes in water content ( Fig. 2 a,b) . On reversing the temperature the transmittance curve is not reversed, but remains more or less flat. We had hoped that the transmittance would indicate the final water content of the aligned sample (on completion of the thermal annealing process) by marking the onset of in-plane optical anisotropy at the La-to-gel phase transition. However, the shape of the curve corresponding to the cooling cycle seems defects than thick samples (>100Mm), which were required for ESE experiments. Addition of cholesterol also increased the difficulty in achieving alignment. A qualitative estimation of sample alignment could be obtained both by polarizing microscopy and by ESR. The primary type of defect obtained is one of macroscopic disorder. For a poorly aligned sample in the smectic phase, the ESR spectrum obtained with the mean director parallel to the external magnetic field shows a typical three line nitroxide spectrum (Fig. 4 b) with the two extra peaks at the high and low field ends (Fig. 4 c) corresponding to the macroscopic defect. Simulations using a random distribution of directors to represent the defect show that such macroscopic disorder of >10% is easily detectable in the ESR spectra (Fig. 4 c) (36) .
Conoscopy shows that multilayer thickness varies within the same sample, i.e., the thickness of the multilayer is not equal to the gap between the two glass plates throughout the sample (see Fig. 3 FIGURE 3 Conoscopy observed at 23°C using oriented samples of low water content DPPC (i.e., after thermal annealing). The cross position is shown on the left while the figure obtained by a 450 rotation from this position (of the microscope stage holding the sample) is shown on the right. In a, b, and c the thickness of the sample (or the number of bilayers) under the crossed polars is varied. As the thickness is increased (from a to c) the number of rings observed in the conoscopic figure increases, and the hyperbolic figure corresponding to the 450 position (right) becomes more resolved. All three (a, b, c) of these figures may be observed using different parts of the same sample, showing that multilayer thickness (or number of bilayers present) may vary from domain to domain in these multidomain plate samples. d shows the blurred conoscopic figures obtained from an originally oriented sample that was left for a month at -250C. Although polarizing microscopy at 250C does not show any observable defects, polygonal array structures are usually seen on reheating these samples to T 2 100°C. Repeating the thermal annealing process (i.e., heating to 120 or 1300C and carefully cooling to 250C) suppresses these defect structures and the sharp conoscopic figures shown in c are observed. Note that the cross on the left rotates to a hyperbola on the right in every case (a, b, c, d increased to 10-2 M. Most of the experiments were performed with samples containing 10-3 M or 5 x 10-3 M of spin label. Degassing of samples as described earlier (30, 31) was not found to be necessary for our purpose. Fig. 6 shows the molecular formulae of spin labels used in this work.
Instrumentation
CW ESR measurements were performed on a Varian E-12, X-band spectrometer (Varian Associates, Inc., Palo Alto, CA) using 100-kHz field modulation. The sample temperature was varied between 1 300C and -1 500C using a Varian E-257 variable temperature control unit (Varian Associates, Inc.). A copper-constantan thermocouple was used to measure the sample temperature to an accuracy of + 10 in absolute value. The ESE set-up used has been described elsewhere (37) . Phase memory time, TM, was measured as a function of sample temperature and orientation in the external magnetic field. All TM measurements were performed with the external magnetic field corresponding to the M = 0 line for the nitroxides. A 900-T-1800 echo sequence was used, with a 900 pulse width of 80 ns. Although observable echoes were obtained using a single sample, several (up to 5) sample sandwiches packed side by side were sometimes used for a stronger signal.
ANALYSIS AND RESULTS
The results reported here mainly involve studies using CSL as the spin bearing probe molecule and these are described in the next section. Results from studies using spin-labeled DPPC (5-PC, 8-PC, 16-PC) are included in the next section only when necessary for lending support to the CSL studies. In the section entitled Studies Using the PC Probes a few specific results of the labeled-DPPC studies are discussed to emphasize the large range of information obtainable when different spin labels are used to probe the same system. The section entitled ESE Experiments contains results of the spin echo experiments. Notation used is as in references 30 and 31. Studies Using CSL ESR spectra obtained from well-aligned DPPC-water samples containing CSL are characteristic of spectra from highly ordered anisotropic media (9) (10) (11) (38) (39) (40) (41) (42) . Although such spectra have been observed before using CSL in oriented lipid-water systems (38) (39) (40) (41) (42) , a detailed lineshape analysis has not yet been reported. Also, sample alignment techniques used in previous investigations were different from our study and may have resulted in significant amounts of sample mosaicity (32) . Recent The spectra show smectic A symmetry as illustrated in Fig. 7 . This symmetry is observed with all four spin probes (CSL, 5-PC, 8-PC, 16-PC) within the temperature range -1 500C < T < 1 300C. Change in water content (between -2% to -10% by weight) and addition of cholesterol both leave the smectic A symmetry unchanged. Implications of this with regard to hydrocarbon chain tilt are discussed later in this section.
Spectral features remain unaffected by changes in sample thickness (i.e., number of bilayers between the glass plates) between -25 and -400 ,tm (Fig. 8 ). By our alignment technique, therefore, we are able to maintain longrange cooperativity between bilayers up to several thousand bilayers. Also Fig. 8 shows that ESR spectral features remain reproducible from sample to sample when all conditions (except sample thickness) are unchanged, reflecting the reproducibility of the sample preparation procedure itself.
Magnetic Parameters. The magnetic parameters Ax.", Ay-, Az., and gx,, gy', g,. were estimated with the help of rigid limit spectra at very low temperatures (5).
Both tube and plate samples were cooled to -1500C. AzS and gz, were determined experimentally from rigid limit spectra observed using tube samples (5) . However, the central part of the spectra was poorly resolved due to proton inhomogeneous broadening. Therefore, the x"' and b FIGURE 7 Experimental ESR spectra from low water content, oriented samples of DPPC containing (a) CSL, (b) 16-PC. e denotes the angle between the static field and the normal to the glass plate. The spectra illustrate smetic A symmetry, i.e., spectra at 0 and r -0 (or -0) are identical. y"' components of A and g tensors could not be determined unambiguously from experiment. On cooling the plate samples, macroscopic ordering was preserved and the rigid limit spectra in this case were orientation dependent. The gy, value determined experimentally from tube samples was found to be very close to the published value for CSL in single crystals of cholestryl chloride (45, 46) , {gI (DPPC + 4% H20) = 2.0019 ± 0.00017, g,(cholestryl chloride) = 2.00211. The best estimate of the gy,, value from the orientation-dependent rigid limit spectra observed using plate samples (2.0056 + 2.0002) was also close to that for CSL in cholestryl chloride. Hence the principal values of the g tensor reported for CSL in cholestryl chloride was used for our calculations. The isotropic values Ai,, (=14.5 ± 0.1 G) and gis. (= 2.0060 ± 0.00017) were measured by heating a sample containing CSL to the isotropic phase (>1600C for 2% water content). Since the measured Az.. value of 33.6 + 0.5 G was different from the reported 31.9 G for CSL in cholestryl chloride, values for Ax, and Ay., were estimated assuming axial symmetry and using the relationship A1 = Ax-= Ay, = 1/2 (3Aiso-Az-) f 5.0 G. The best estimate for A, from the orientationdependent rigid limit spectra was 4.8 G, close to the calculated value above. These estimated values for Ax ", Ay, and AZ-were used as starting values for spectral simulations and modified as required for best fit. In simulating rigid limit spectra from tube samples the relevant variables are the A and g tensors. Simulation of rigid limit spectra from plate samples requires additional parameters to describe the ordering potential. However, since these spectra from macroscopically ordered samples are orientation dependent, there is also greater resolution of information. The combination of rigid limit spectra from both tube and plate sample therefore increases one's confidence with parameters estimated from these spectra. Fig. 9 shows the experimental and best fit simulated spectra for CSL in DPPC at -1500C for both tube and plate samples. A similar procedure was used to estimate magnetic parameters corresponding to the other three probes (5-PC, 8-PC, and 16-PC). Table I lists the magnetic parameters used for spectral simulations for the different spin labels.
Spectral Simulations. Fig. 10 shows examples of experimental and simulated spectra for CSL in DPPC in the temperature range 20°C < T < 130°C. It was assumed that the liquid crystalline medium is uniaxial and that the most important terms in the Wigner matrix expansion of the ordering potential U are those of second rank (6):
where Q is the set of Eulerian angles relating the molecular frame (principal axes of ordering and diffusion for the probe molecule) and the director frame. The order parameters (D2)and ( as N = R11/RL. T* -' denotes the inhomogeneously broadened linewidth. (Fig. 11) indicates two phase transitions above room temperature (220C) in the DPPC-water system. The 16-PC spectra (Fig. 12 b) show these phase transitions more clearly than the CSL spectra (Figs. 10 and 12 a). Both transitions occur over a range of 5 to 10°within which a two phase region seems to exist. Simulations were not attempted for spectra from these two phase regions at the phase transitions. The gel to La phase transition, occurring at a low temperature, is the commonly reported phase transition for these low watercontent DPPC systems. However, there are few references to the transition observed at a higher temperature. It is generally accepted that the liquid crystalline La(1) phase persists until the optically isotropic phase is observed at T > 160°C. In our low water-content DPPC samples the estimated from the ESR analysis (10). We were able to obtain only a fair fit for the spectra at low temperatures (T < 600C), especially for 0 = 900.
Including higher order terms in the potential (like D' ) or introducing asymmetry in the ordering tensor by using a (D02 + DO.2) term, did not improve the spectral fit in a significant way. Use of a diffusion model other than Brownian (e.g., the jump diffusion model similar to the one used by Dammers et al. [49] or the use of anisotropic viscosity) also did not have a significant effect. Simulations were also performed assuming a certain percentage of macroscopic disorder to be present in the microscopically ordered sample; i.e., a spectrum calculated using a particular model of director distribution was superimposed on a spectrum calculated assuming no distribution of directors to be present. The spectral resolution is not good enough to detect a contribution of <10% from macroscopic disorder.
However, it is clear from Fig. 4 c that this sort of model, using -10% macroscopic disorder, does not fit the experimental spectra for well-oriented samples (Fig. 4 b) .
At low temperatures (T < 220C) a special feature is observed in the CSL spectra. Small shoulders are seen on the two outer lines, both for 0 = 0°and 0 = 900 (Fig. 13 a) . At other angles the shoulders are not well resolved. These shoulders become better resolved as the temperature is lowered to the rigid limit (Fig. 13 b) . They are also clearly visible in CSL spectra from DPPC multilayers containing cholesterol (Fig. 13 c) before in ESR spectra of CSL from DPPC multilayers containing 25 mol % cholesterol (42) . The spectra were recognized to be due to the superposition of two components corresponding to CSL molecules in two different environments in the sample. The smaller contribution (broad outer shoulders or peaks) was found to depend on sample preparation and hence was assumed to be from regions containing imperfect macroscopic ordering. Our simulations using a model of static distribution of directors do not support this macroscopic defect model. We have tried several different director distributions, e.g., (a) pure random, (b) Gaussian, (c) exp [C2D2(O) + C4D4(0)]. We prefer a model in which the two environments (or sites) differ in nature (e.g., polarity) rather than macroscopic ordering. The following observations support our model. (a) Peaks from unoriented regions (corresponding to random distribution of directors) occur at the outer extrema of the 0 = 00 spectra (marked with solid arrows in Fig. 13 ). These peaks do depend upon sample preparation, they correlate with optical observation of macroscopic defects and are well simulated by superposition of a small random component (as shown in Fig. 4) . However, there appears to be no correlation between the contributions from this type of macroscopic disorder and the second component giving rise to the shoulder described above (marked by broken arrows in Fig. 13 ), except that the shoulders are better resolved in defect free samples. Also, the PC probes do not show two component spectra at low temperatures.
(b) The lineshape is not affected by reducing the concentration of the spin probe from 5 x 10-3M to 10-3. This eliminates dipole-dipole interaction as a possible model.
(c) The correlation that is observed is one with water content of the pure DPPC multilayers. Contribution from the second component (marked with broken arrows in Fig.  13 ) increases with increase in water content of these samples (Fig. 13 b) .
(d) Samples containing the PC probes do not show two component spectra at low temperatures, implying that the location of the nitroxide group within the bilayer is important for detecting the second component.
(e) Simulations using different tensors to describe the hyperfine interactions for the two components (I and II in Fig. 13) (9) . This may be due to structural differences in the polar site possibly due to packing of the highly ordered DPPC multilayers at low temperatures, which may distort the nitroxide moiety. Such large magnetic parameters have been reported before for other nitroxides in oriented media (8, 30, 31) . In fact, a trace of 19 .05 G has been reported for the stearamide probe in the La,(I ) phase of oriented lipid samples (31), the same probe giving a trace of 16 Two possible explanations for these two component spectra are discussed below. (i) Radical II corresponds to a CSL molecule in which the nitroxide is hydrogen bonded to a water molecule. A similar spectral observation and explanation has been reported for PD-tempone in ethanold6 (5). Increase in water content then would increase the number of hydrogen bonded species.
(ii) A phase separation occurs at low temperatures in these DPPC-water systems, resulting in two distinct regions with different water contents. Then A, might correspond to the region with low water content (say a monohydrate, i.e., 2% by weight water), while Al, would refer to the higher water content region. Evidence of complex polymorphic behavior, involving a metastable dehydrated crystal form and a stable hydrated crystal form has been observed in hydrated lipids below the liquidcrystalline LA phase (50, 51) . Although similar evidence is not available for partially hydrated (low water content) lipids such a model appears plausible. However, our observations using the DPPC samples containing cholesterol lead us to prefer explanation i. ESR spectra from these samples do not show an increase in component II with increase in water content (Fig. 13) . This seems consistent with the hydrogen bonding model since in the presence of cholesterol, CSL would have to compete with the cholesterol molecules for water available for hydrogen bonding. Hence a small increase in water may not reflect any corresponding increase in hydrogen bonded CSL or species II. However, considering the uncertainties in the water content of our samples, and the possibility that phase separation may be altered in the presence of cholesterol, we cannot rule out the second explanation. We would like to note that both models imply that the nitroxide group in CSL is located close to the lipid-water interface.
Note the following points regarding the simulations using the two species model. (a) The ordering parameter, A, was assumed to be the same in the simulations involving different water contents (Fig. 13 b and c) . Ordering is expected to decrease with increasing water content. However, spectral changes corresponding to small changes in ordering alone are small in the region of high ordering where (D 2 ) is asymptotically approaching unity. Besides, there would be a corresponding change in the ordering parameter for the second radical. These complications were avoided in the simulations.
(b) The simulations use a higher ordering parameter for radical I than for radical II (for example, at -500C, XI = 8.0 while XI, = 4.75 in Fig. 13 b) . Although this improves the agreement between simulated and experimental spectra, it is not crucial to the model.
(c) At high temperatures (T . 230C for CSL in DPPC and T 2 600C for CSL in DPPC/cholesterol mixtures) the peaks assigned to radical II were no longer resolved. As the fluidity of the medium increases with increase in temperature there may be an exchange between the two species, leading to an increase in linewidth only (52) . Simulations assuming only radical I to be present fit the experimental spectra well enough to make this a fair approximation. Alternatively, the configuration of CSL molecules within the bilayer may change slightly with increase in temperature, making hydrogen bonding less favorable.
Molecular Tilt. X-ray diffraction studies of both unoriented (14) and oriented (15) phospholipid multilayers give evidence of hydrocarbon chain tilt in the gel phase. It is generally accepted that the degree of tilt depends on the degree of hydration of the phospholipid multilayers. For fully hydrated DPPC this tilt is estimated to be -330 (53) . For low water content DPPC (<10% water by weight) chain tilt was previously assumed to be negligible (15) . More recent x-ray diffraction data (54), however, seem to indicate a 12.50 tilt for -10% by weight water. For single crystals of DPPC containing less water than the monohydrate (i.e., <2.5% water by weight), Asher et al. (22) have estimated a tilt of 250 to 300, which appears to contribute to the large birefringence observed. For aligned DPPC samples with -11% water, Hemminga (42) estimates a tilt of -230 (for T < 0°C) from ESR studies.
In our experiments using CSL, the smectic A nature of the ESR spectra is maintained even at low temperatures (T < 0°C); i.e., the spectrum at 0,, is identical with the spectrum at -r -0, (or -0,) where 0,, is the angle between the plate normal and the external magnetic field. For a purely smectic C type director tilt of angle ,B (with respect to the plate normal) symmetry would be observed about 0,, = #3 (or 0,, = 3 + ir/2) instead of about 0,, = 0 (or 0,, = wr/2) as in our experiments. However, if the smectic C director had a random component in the xy plane (i.e., in the bilayer plane) the ESR spectra would still show the observed smectic A symmetry about 0,, = 0 (or 0,, = ir/2).
We refer to this model as the cone model since there is now a static distribution of directors lying on a cone of solid angle 2,3. We can simulate spectra using this model by convolution of spectra corresponding to all director tilts (00 to 900) with a distribution function of the form P(O) cx exp [C2D' (0) + C4D4(0)]. While the coefficient C2 affects the width of the distribution, the ratio C2/C4 affects the positions of the extrema as a function of 0. By proper choice of values for these coefficients we have simulated spectra corresponding to ,B = 150 and 1B = 300 in the cone model (i.e., the maxima of the resulting distribution functions occur at ± 150 and ± 300). Comparison with experimental CSL spectra shows that these cone models do not fit our data from CSL (Fig. 14) .
The spectra we obtained at low temperatures (T < 220C) using CSL in pure DPPC-water samples are quite different in appearance from the rigid-limitlike spectra reported by Hemminga (42) for similar systems. The difference (a chain tilt of -230 estimated by Hemminga) may be due to the lower water content of our samples or due to differences in our sample preparation techniques. Differentials of this type should be always kept in mind when different studies are intercompared (e.g., this study and references [42] [43] [44] .
In the case of 16-PC, however, a new feature is observed in the ESR spectra for sample temperatures below 220C. Since the PC probes are z ordered (Fig. 6) , the spectrum at 0 = 0 has the largest spectral width (or (2a ),00 = ( 2a )max, where 0 describes the director tilt). For T > 220C the maximum spectral width is observed at 0,, = 0, implying that the director is aligned approximately parallel to the plate normal. However, for T < 220C, the maximum spectral width occurs at 0,, values of 350 to 450 indicating a nonzero director tilt. Fig. 15 a shows this feature for 16-PC in DPPC at T = -750C. Rigid limit simulations for orientation-dependent spectra give a reasonable fit only when a director tilt of -300 is assumed (Fig. 16 b [i] ). To be consistent with our sample preparation technique this tilt cannot be a pure smectic C-type tilt, but rather a cone-type tilt as explained earlier. In the absence of director tilt of any kind, the fit is poor at all angles ( 14 b [ii]). (The fit [using tilt = 0°] may be improved to some extent by adjusting the A tensor. However, the A tensor is then not consistent with that estimated from the rigid limit spectrum from a tube sample, where models of director tilt and ordering do not complicate the picture [ Fig. 16 a] ). This idea of a cone model for director tilt may be carried through in a similar fashion for 5-PC in DPPC.
At rigid limit a cone model for director tilt, with tilt angle d 300 fits the data better than a model assuming absence of director tilt (Figs. 17 a, b) . In fact, for 5-PC an indication of director tilt is obtained at T = 240C (i.e., ( 2a ) 0 < (2a)045 at T = 24°C; Fig. 15 b) . The location of the nitroxide in 5-PC being close to the head group, the molecular rotational reorientation rate for 5-PC is expected to be much slower in comparison to that of 16-PC, which monitors the more flexible hydrocarbon tail (Fig. 18 a) with spectra at T = -750C for 5-PC in DPPC (Fig. 17) shows that the rotational diffusion rate for 5-PC is close to the ESR rigid limit at T = 240C. In fact, the rigid limit simulations assuming a cone model with tilt = 300 (similar to Fig. 17 a) fit the spectra corresponding to T = 240C fairly well (Fig. 18 a) . A small reduction of the intrinsic linewidth parameter, T*-, from 4.0 G at -750C to 3.5 G at 240C is required; but this is not unreasonable considering the temperature dependence of inhomogeneous broadening for such nitroxide labels. The 5-PC spectra then point out that the director tilt may be present even at higher temperatures, although spectral features do not make this directly evident until the molecular rotational diffusion rate has slowed down sufficiently. In other words, the director, or hydrocarbon chain tilt may be present throughout the gel phase (even at higher temperatures) and need not be a structural alteration that occurs at lower temperatures (T < 220C) only. At higher temperatures, the faster molecular reorientation rates would mask the spectral features first noticed as evidence of tilt (i.e., ( 2a ),e0 < ( 2a ) for -y = 300 or 450).
However, agreement between simulated and experimental spectra is improved when a cone model of director tilt is used. Fig. 19 a and b illustrate this observation at T = 650C for 5-PC and 8-PC, respectively, in DPPC. For 16-PC the rotational diffusion rate is high enough so that simulations are less model sensitive. Therefore, for the high T end of the gel phase, agreement between simulated and experimental spectra are fairly good even with a model assuming absence of director tilt (Fig. 20 a, T = 63, 52°C) . The agreement is not so good at the lower temperatures (Fig. 20a, T < 410C ). That the director tilt model fits the spectra better for these low temperatures is illustrated in Fig. 18 b. The agreement between simulated and experimental spectra is greatly improved for the 0 = 900 case at T = 300C. Note that the simulation parameters do need to be altered when director tilt is assumed in the calculations.
Usually ordering (described by XA or ( D' ) etc.) needs to be increased or motion (R) needs to be decreased or both in the simulation using director tilt (compare parameters in Figs. 18 b and 20 a for 16 -PC in DPPC at T = 300C).
Therefore, although no molecular tilt was indicated by CSL, there appears to be a fair amount of evidence from all three labeled PC probes that even for low water-content DPPC the hydrocarbon chains may be tilted away from the bilayer normal by as much as 300 in the gel phase of these oriented multilayers. The nitroxide on CSL may be located too far into the lipid-water interface to be a useful or accurate probe of hydrocarbon chain conformation. Our observation suggesting that the nitroxide on CSL may take part in hydrogen bonding with water molecules, seems consistent with this idea.
Effect ofAddition of Cholesterol. Fig. 21 shows the experimental and simulated spectra obtained at T = 250C using CSL in oriented multilayers of DPPC containing various concentrations of cholesterol. (Fig. 13 a) . In fact, identical simulation parameters fit both sets of spectra. However, on increasing the cholesterol concentration to 1:20 a drastic increase in ordering is observed. A similar observation was reported previously by Neal et al. (55) . The spectra appear to remain unaffected by further increase in cholesterol concentration. We are able to obtain ordered multilayer samples for the ratios 1:40, 1:20, 1:10, 1:5, and 1:2. However, as the cholesterol concentration was increased it became more and more difficult to obtain defect free samples. In fact, for the 1:2 ratio we were not successful in obtaining a sample good enough (or sufficiently free of defects) for data analysis. Fig. 22 shows the temperature dependence of oriented DPPC multilayers containing 1 cholesterol molecule for every 5 DPPC molecules. Corresponding parameters for ordering and diffusion obtained by computer simulation are given in Table III . These parameters remain more or less unchanged (within the accuracies of our simulations) for the other cholesterol concentrations used (1:20 and 1:10). Comparison with Table II shows that although the ordering remains consistently high for multilayers contain- ing cholesterol, diffusion parameters (R1, RI1) are not significantly affected by cholesterol and remain within a factor of 2. The change of these parameters with temperature follows the same trend as the pure DPPC-water multilayers. The phase transition temperatures remain within 50 of the pure DPPC samples. As with the pure samples, the F2 phase is obtained at high temperatures (Figs. 11 and 22b ) and a second species (radical II) becomes resolved at low temperatures (T < 600C in Fig.  22 a) . Therefore, apart from the increase in ordering, these cholesterol containing multilayers behave very much like pure DPPC-water multilayers. Considering that the lipid-water interface is known to be the anchoring site for cholesterol (56, 57) and the nitroxide group on CSL is also located close to the interface (as shown earlier in this section), one might expect CSL to be very sensitive to any changes in the bilayer brought about by the presence of cholesterol. However, CSL shows no effects on the bilayer structure and dynamics at a cholesterol concentration of 1:40. It is possible that at DPPC to cholesterol ratios smaller than 1:20, structural changes occur in the hydrocarbon chain region without changing the structure of the polar headgroup region (58) , and the nitroxide on CSL is a poor probe for detecting small distortions in the hydrocarbon chain. Within the sensitivity obtainable using such spin labels as a probe of molecular structure and dynamics, a steplike concentration-dependent phase diagram may be proposed. (a) A certain number of cholesterol molecules (<1 for 20 DPPC molecules) may be incorporated into the bilayer without significantly affecting the bilayer structure; (a similar assumption is made regarding the probe molecule itself although at a much lower concentration of 1:200); (b) a threshold concentration exists corresponding to which a structural change must occur in the bilayer in order to accommodate more cholesterol molecules; (c) the new structure of the bilayer is such that it can accommodate more cholesterol molecules without further change (until a concentration is reached at which bilayer structure is no longer supported, which occurs at >1:2 concentration, i.e., for 1:1). The presence of cholesterol and the subsequent alteration in bilayer organization does not seem to affect the rotational diffusion rates of the CSL probe significantly, implying that the local microviscosity remains more or 'less unchanged. An increase in fluidity has been reported before (38) . We observe a slight decrease in the rotational diffusion rates for T < 1 00°C. Our observations agree with recent studies using fluorescence spectroscopy (59) , which showed that the major effect of cholesterol is to increase structural order in DPPC vesicles.
We considered CSL most appropriate for studying the effects of cholesterol on DPPC-water multilayers since it is known from previous studies (32, 38, 55-57 and tSee Fig. 18 (Table II) shows that the ordering is lower while the rotational diffusion rate of 16-PC is higher. This is consistent with the expected increase in disorder and flexibility at the center of the hydrophobic region. Table V compares the simulation parameters for a particular temperature for the three PC probes studied. Our results agree with several previous results (60 and references therein) showing that ordering decreases from the hydrophilic headgroup region towards the hydrophobic center of the bilayer and this is accompanied by an increase in chain flexibility. More spectacular than the change in ordering is the change in rotational reorientation rate (R) as one moves from the head to the tail region. R for 16-PC at 630C is more than an order of magnitude higher than that for 5-PC at 650C (see Table V) , while R for 8-PC is only about a factor of 2 higher than that for 5-PC.
One important difference between CSL and the labeled PC probes is that a cylindrically symmetric potential This difference in conformation of these two types of spin label, is also reflected in the orientation of their magnetic tensor axes (x"', y"', z"') with respect to the molecular ordering axes (x', y', z'): CSL exhibits y ordering (i.e. z' | | y"'), while the labeled PC probes show z ordering (i.e., z', z' | | z"').
ESE Experiments Fig. 23 shows the variation of the observed phase memory time TM with sample temperature for both CSL (Fig. 23 a) and 16-PC probes (Fig. 23 b) in oriented DPPC-water multilayers. (1-4) ; (b) representation of the microwave radiation as a field of infinite strength and infinitesimal duration such that the sole effect of a pulse is to rotate the density matrix satisfying the SLE; (c) calculation of the echo amplitude or envelope corresponding to a specific pulse sequence using a and b. Since a is required for cw lineshape analysis described earlier, a comparison of the two sets of results (cw and ESE) is readily obtained. We first performed cw spectral simulations using a best fit procedure to estimate the parameters characterizing our system at specific temperatures (for example, the structural and motional models, X, R1, N, etc.). We then used the corresponding eigenvalues and [61] ). The fit, however, is very poor (Table VI) in the very slow motional regime (where TM increases as TR increases). Use of other motional models, like the jump diffusion model, had no significant effect on TM in this range, although the slow motional region is predicted to be model sensitive (61 ) . To reduce the discrepancy between observed and calculated values of TM and still retain the general features of the cw ESR spectra, we had to decrease molecular motion by about an order of magnitude and increase the ordering. Fig. 24 shows the cw spectral fits obtained in this way. The fits are seen to be qualitatively no worse than those obtained when experimental TM values were not considered (as in Fig. 10 ). Apart from the molecular ordering ( D2 ) and motion (R), it is found that the anisotropy parameter, N = R11/R, has a profound effect on TM (calculated) (Fig. 24) . These preliminary observations lead us to believe that the echo technique may give more accurate estimates of motion and motional anisotropy in the low temperature/very slow molecular motion regime. A simple 900-r-1800-r-echo experiment, measuring TM at one particular field position, is not sufficient for this purpose. Variation of TM across the ESR spectrum can enable one to study motional effects in greater detail. Such experiments are being developed in our laboratory and preliminary results using these model membrane systems are reported elsewhere (62) . Both CSL and 16-PC show a maximum in the TM vs. 1/ T plot in the fast motional region. This feature has been reported earlier in egg lecithin dispersions (63) . The reduction in TM for the highest temperatures is probably due to additional relaxation mechanisms that come into effect at very fast motions, for example (a) Heisenberg spin exchange, and/or (b) spin rotational relaxation. Both mechanisms would add to the homogeneous line width, reducing TM.
The analysis of ESE data in these complicated lyotropic (a) Careful alignment of samples to obtain orientationdependent ESR spectra greatly enhances the resolution of information, making the complicated cw lineshape analysis feasible. Since defects in alignment have a profound effect on ESR spectra ( fig. 4) it is most essential to confirm the degree of macroscopic alignment using an independent technique, such as polarizing microscopy.
(b) Our aligned samples of low water content DPPC remain ordered over a large temperature range (± 1400C). At the lower end of the temperature scale this enables us to obtain more accurate values for the magnetic tensors required for cw lineshape analysis. At the higher end, it allows us to study a temperature range not characterized in detail in previous studies using oriented multilayers of hydrated DPPC. Approximately 15 to 200C above the gel to liquid crystalline phase transition we observe another phase transition referred to here as La-to-F2 phase transition.
(c) The careful cw lineshape analysis used here enables us to separate the term fluidity, commonly used in reference to membranes, into two distinct properties: (i) ordering and (ii) rotational reorientation rate.
It is this last point that we wish to discuss in more detail. We have reported here two clear examples showing the importance of making such a distinction: (i) the La-to-F2 phase transition, (ii) the effect of addition of cholesterol on the lipid bilayer.
(i) Although qualitatively the ESR evidence (the growing in of one line synchronous with the disappearance of another) is very characteristic of a phase transition (Fig.  12) , we rely more on the changes in the molecular parameters of ordering and rotational diffusion to mark a true phase transition. The Arhenius-type plots of TR [a(RRI,)-11)2] vs. temperature consistently show two discontinuities above 220C in every system studied; one corresponds to the well-known gel to Let transition and the second corresponds to what we call the La-to-F2 transition. The first is characterized by a relatively small reduction in ordering and a larger increase in rotational diffusion (see Table IV where the anisotropy in R does not complicate the issue). The second is characterized rather by a very large reduction in ordering and a relatively small increase in rotational diffusion. It is almost as if the first is a motional transition while the second is a structural one. Although the high temperature F2 phase exhibits very low ordering, it is nevertheless, a smectic phase and not a nematic or isotropic one; i.e., the bilayer structure still appears to be maintained, although cooperative interbilayer forces may be small compared with the La and gel phases. Since this F2 phase has not been observed before in low water content DPPC (by ESR or other techniques) we plan to confirm this in the future by an independent technique (optical and/or x-ray diffraction). Differential scanning calorimetry (DSC) performed on dispersions (or powders) do not seem to show this transition (24) . It could be that the change in heat capacity involved is very small or very broad (or both) and therefore remains unresolved from the main endothermic peak corresponding to the gel-to-La transition. It is difficult to explain our ESR observations in any other way. We have considered and rejected a lipid-water (steam) phase separation model for the following reasons.
(i) At the lowest water content (2% by weight) the water is associated with the DPPC molecule as a water-of-hydration. It does not seem reasonable to overcome this binding force by thermal energies alone at -100°C. (ii) Even if such a phase separation does occur it is not expected to be reversible, energetically or physically (i.e., the steam would, in all likelihood, escape from the sample, making it impossible to recover the oriented lipid-water bilayer structure observed on lowering the temperature). (iii) Without a water interface a bilayer structure could not be maintained in the F2 phase. However, the ESR spectra are characteristic of a smectic phase.
Biologically, this phase may be significant in that it is close to the main transition (gel-to-liquid crystalline). In complex biological membranes containing many different types of lipid molecules the main transition occurs at relatively low temperatures. Thus, the energy involved in the La-to-F2 transition may be quite small. It is then interesting to speculate that for some specific functions the membrane may be pushed over from the liquid crystalline La phase, characterized by relatively high ordering to the F2 phase with very low ordering, making the membrane matrix less constrained or more versatile. However, we have as yet to consider the role of the headgroup region in this transition.
(ii) Since sterols and phospholipids are the major components of cellular membranes, the interaction between cholesterol and DPPC has been investigated extensively (38, 65) . Most studies report a critical lipid to cholesterol ratio at which a change is observed in the physical state of the membrane (or model membrane). Although cholesterol is reported to have a condensing effect in general on lipid membranes, for DPPC, in particular, cholesterol has been shown to increase membrane fluidity in the gel phase, and decrease it in the liquid crystalline phase (38, 66, 67) . We find that the major effect of cholesterol on DPPC (low water content) multilayers is to increase the ordering. In the gel phase the ordering is increased to such an extent that the membrane seems to have become essentially crystallized or static (i.e., there is very small change in R as the temperature is changed). In other words the decrease in the value of R is not as overwhelming as the decrease in the rate of change of R with temperature compared with the pure lipid-water system. Increase in ordering and decrease in rotational diffusion is observed in the liquid crystalline La phase also. However, in the F2 phase where a drastic decrease in ordering occurs even in the pure lipid-water system, cholesterol seems to decrease the ordering further. The rotational diffusion is increased correspondingly. So it appears as if a system, which is highly ordered to start with, undergoes a structural change (by the incorporation of a critical amount of cholesterol) making it even more ordered, and the reverse occurs if the system is weakly ordered.2 We concur with the observation of other workers that a critical ratio of lipid to cholesterol is 2It is interesting to note that an opposite effect is observed on addition of small amounts of gramicidin to partially hydrated DPPC multilayers (68) . required for such a structural transition to occur. We see no effects until the ratio is increased from 40:1 to 20:1. Once this critical concentration has been reached the effect is almost concentration independent, i.e., a plateau is obtained very quickly. This has also been observed before (38) . Such behavior is not unlike some enzyme-substrate interactions and it would be interesting to investigate whether a reaction site is involved. If so, it appears that it would have to be a particular molecular conformation rather than stereochemical in nature, since it has been shown previously that the rigidifying effect of cholesterol in membranes (and on DDPC in particular) does not depend on specific sites of interaction and DPPC behaves like an achiral molecule with respect to the effect of cholesterol on membranes (40) . SUMMARY A method has been described for successful preparation of oriented lipid multilayers of thickness <400 ,um. This has been shown to be very useful for ESE experiments where one currently requires 01O6 spins for a good signal. Future improvements in technique (e.g., increasing signal-to-noise of the ESE spectrometer, decreasing spectrometer deadtime, etc.) could reduce this number so that it approaches the requirement for an accurate cw experiment (_ 10"4 spins). But until then our expertise in preparing thick oriented multilayer enables us to use ESE techniques that are more sensitive for the study of molecular structure and dynamics.
Our thick (<400 ,um) samples do contain a certain amount of defects (-10%). However, comparison with a detailed study in this lab using very thin (<10 ,um) oriented lipid multilayers containing -3% defects shows that results remain largely unaffected; i.e., -10% defects appear to be tolerable for our present purposes.
Our low water content, oriented lipid multilayers remain stable over long periods of time and over a large range of temperature. We are, therefore, able to study the rigid limit in detail. This enables us to estimate the magnetic tensors more accurately for each lipid system and each spin label. It also gives important insights regarding the bilayer structure (e.g., hydrogen chain tilt), since the information is not complicated by motional effects.
We described our observation of a high-temperature liquid crystalline phase -15 to 200C above the previously reported gel to La transition. Although its biological significance is not directly apparent, the greatly reduced ordering and fast molecular motions associated with it make this an interesting smectic A phase for further study.
Our cholesterol study shows that our oriented multilayer samples are suitable systems for studying the effects of additives on hydrated lipid bilayers. By addition of polypeptides, ions, etc., these model systems may be made to reflect the complexities of a biological membrane. By orienting these liquid crystalline smectic systems we have approached the resolution obtainable from ESR studies of single crystals, yet we are able to study the molecular dynamics, which remains our primary concern. We have established that methods of analysis thus far mainly applied to thermotropic systems, are capable of handling the more complex model membrane systems. The large number of parameters involved in the simulations become meaningful only because we are able to correlate them with orientation-dependent spectra in order to approach the unique set of parameters defining the system at any particular temperature.
Lastly, we have shown that these complex lipid-water systems may be studied by ESE techniques. We plan to exploit the enhanced sensitivity to motions of the ESE technique coupled with the improved resolution due to orientation dependence of aligned samples in our future studies of model membrane systems.
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